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Rheological properties of pelletizing steam-treated Douglas fir at four different severities 
were investigated. Steam-treated wood pellets exhibited three compression regions that 
became more distinct with increasing treatment severity. Hydrolysis of hemicelluloses and 
condensations of lignin led to an increase in elasticity of pellets made from steam treated 
feedstock. The increased treatment duration improved the dimensional stability of pellets. 
The increase in particle surface roughness and concentration of mono-sugars and ex¬ 
tractives contributed to the increase in required energy for extruding steam treated pellets 
from the die. The maximum breaking force, Meyer hardness and the hardness modulus 
increased with steam treatment. The increased hardness and dimensional stability of 
steam-treated pellets can be attributed to the binding role of mono-sugars released from 
Douglas fir during steam treatment. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Wood pellets are made from compacting logging and mill 
wastes. With a specific gravity of 1.1, slightly more than water, 
wood pellets can be handled similar to grains. In 2013 the Ca¬ 
nadian wood pellet production capacity is about 1.8 Mt, 
roughly 15% of the global 12 Mt production. The global market 
is predicted to double and even triple the annual production by 
2020. Most Canadian pellets are sold to Europe as a coal sub¬ 
stitute for electric power generation, meanwhile new markets 


are emerging in Pacific Rim countries (e.g.: Japan and South 
Korea). In Canada, Ontario has initiated converting Atikokan 
coal thermal generating station to burn the biomass pellets. 
More domestic markets are evolving in the Canadian prairies. 
The Wood Pellet Association of Canada (WPAC) reports more 
than 40 producing plants in Canada and more than 50 associ¬ 
ated industries that support wood pellet production, handling 
and shipping. Wood pellets are hygroscopic and tend to lose 
their integrity during handling and storage. Efforts are under¬ 
way to treat biomass thermally or hydrothermally to improve 
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its hydrophobicity. The new so called torrefied pellets have a 
larger calorific value than regular pellets. The hydrophobicity 
and increased calorific value allow the utilities considering co¬ 
firing biomass with coal to minimize their investments in lo¬ 
gistics and modifications in combustion technology. 

Torrefaction can be achieved through two processes, dry 
torrefaction [1] and wet torrefaction [2—4]. In dry torrefaction, 
the biomass is heat treated in an oxygen free environment 
with nitrogen. In wet torrefaction, the biomass is treated 
either in hot water or in a steam chamber. It has become 
evident that dry torrefaction of a biomass destroys its natural 
binding capacity to make durable pellets. For example, a 
previous group of researchers reported that no pellets can be 
produced from sawdust treated at 300 °C with the die tem¬ 
perature of 90 °C [1,5]. Some pellets that were formed at a 
lower temperature of 275 °C were defective. They reported 
some pellets could be made at elevated die temperature of 
170 °C [5], In contrast to dry torrefaction, hydrothermal 
treatment using steam was reported to be an effective pre¬ 
treatment to make pellets made from woody biomass [2—4]. 
Steam treatment improved the mechanical strength and 
moisture adsorption resistance of pellets. Pellets made from 
steam exploded wood had a breaking strength 1.4—3.3 times 
than the strength of the pellet made from untreated wood 
with the same pelletization condition [2,6]. It was postulated 
that a modified restructure of lignin after steam explosion 
contributes to the increase in breaking strength. The effect of 
hydrothermal carbonization on pellets made from loblolly 
pine treated in inert high pressurized water with tempera¬ 
tures ranging between 200 and 260 °C for 5 min to several 
hours were studied [4], Most of the reaction seems to occur 
within the first 20 min of the treatment. 

A few researches have reported the pelletizing properties 
of untreated woody biomass using a single die system [7,8] 
and the effect of pelletizing conditions on the wood pellet 
quality using a pilot scale pellet mill [9—11], The correlation 
between single die and commercial pellet mill and developing 
a process model was attempted with some degree of success 
[12]. A constitutive model of densification of agricultural 
biomass was studied to explain the pelletizing process [13]. 
The developed pelletization models required inputs of mate¬ 
rial characteristics (e.g. elastic and hardness moduli of parti¬ 
cles in bulk, Poisson ratio, etc.). A more relevant mechanical 
property is the asymptotic modulus, which is defined as the 
ability of a compressed powder to sustain a compressive 
stress [14—16]. Researchers have applied asymptotic modulus 
to compare the compression behavior of different types of 
agricultural biomass. For example, it was found that 
decreasing the particle size and moisture content of cereal 


straw significantly increased the asymptotic modulus values 
of the resulted pellets [15]. 

The objective of the research presented here is to perform a 
detailed mechanical analysis of pelletization of steam-treated 
Douglas fir, based on force — displacement and/or stress— 
strain diagrams. Stress relaxation analysis is carried out to 
explore possible relationships between chemical and rheo¬ 
logical properties of bulk wood particles under compressive 
stresses and their effect on dimensional stability of the steam- 
treated pellets. The detailed analysis elucidates the binding 
role of sugars and lignin quantitatively. The measured pa¬ 
rameters will be useful for improving the pelletization process 
to produce durable pellets from a thermally treated feedstock. 


2. Materials and methods 

2.1. Materials 

Douglas fir (Pseudotsuga menziesii L.) wood chips were collected 
from piles of wood chips at Fiberco facilities in North Van¬ 
couver, B.C., Canada. The wood chips were made from disc 
chipping of debarked trunk of Douglas fir trees grown in 
British Columbia, Canada. The full history of these chips is 
unknown but generally the wood chips that were made in 
interior BC were immediately transported to Fibreco by train. 
The wood chips were piled in the yard and remained there not 
more than a month. For loading, the chips were pushed to a 
long belt conveyor to be conveyed to barges or ocean vessels. 
The chips are destined for pulp and paper plants along Canada 
west coast or overseas operations (e.g. Japan). 

2.2. Sample preparation 

Once in the laboratory, the wood chips were processed as 
outlined in Fig. 1. The details of each unit operations are 
outlined in the following sections. 

2.2.1. Drying and size reduction 

Sampled wood chips had a moisture content of approximately 
55% mass fraction (moisture contents are expressed in wet 
mass basis otherwise stated) according to ASABE standards 
[17], To prepare samples for tests, the wood chips were 
initially dried to a water mass fraction of 25% in an oven at 
103 °C. Dried samples were size reduced in a hammer mill 
using a screen openings of 1.6 mm. Ground wood was further 
dried at 50 °C in the oven to a water mass fraction of 10%. The 
dried ground particles were stored in sealed plastic bags 
placed in refrigerator at 4 °C until testing. 


Wood chips 



Wood pellets 


Fig. 1 - Schematic diagram of the experimental procedures of steam treatment and pelletization. 
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2.2.2. S team treatment 

The batches of ground wood were first conditioned to room 
temperature by removing the sealed sample bags from 
refrigerator and placing them on the laboratory’s work bench 
for 24 h. A batch of about 50 g ground sample was heat treated 
in a 1 L high pressure steam chamber at a temperature of 200 
and 220 °C (corresponding pressure of 1.6 and 2.4 MPa) [2] for 
5 min. Upon completion of the treatment, the steam chamber 
was decompressed and the treated ground biomass was 
released into a chamber open to atmospheric air. The wet 
treated biomass was collected and placed in sealed plastic 
bags stored at 4 °C. The moisture content of a subsample was 
measured using the ASABE method [17]. Inpreparation for 
pelletization, batches of the treated samples with the mois¬ 
ture content between 10%—30% were dried in a convection 
oven set at 50 °C. Each batch was removed from the oven 
when the average moisture content of the biomass was about 
10%. The dried samples were stored in sealed plastic con¬ 
tainers stored at 4 °C until pelletization. 

2.3. Particle size distribution 

The size distribution of both treated and untreated ground 
samples was determined according to the ASABE standard 
S319.3 [18]. Prior to sieving analysis, samples were conditioned 
to 10% moisture content (w.b.). Roughly 20 g of a ground biomass 
was placed on top of a stack of sieves on a Ro-Tap shaker (Tyler 
Industrial Products, OH USA). Sieve mesh numbers used were 
18, 25, 35, 45, 60, 80, 100, 120, 170 and 230 corresponding to 
nominal sieve openings of 1, 0.707, 0.500, 0.354, 0.250, 0.177, 
0.149, 0.125, 0.088 and 0.063 mm. The mass retained on each 
sieve was weighed on an electronic balance to 10 mg precision. 
The geometric mean diameter (d gm ) of particle diameter was 
calculated according to the ASABE Standard S319.4 [18]. The 
sieving test was repeated three times for each sample. 

2.4. Pelletization 

Single pellets were made in a piston-cylinder electrically 
heated pellet making device. The design and operation of the 
pellet device have published previously [2,6]. Inpreparation for 
making a pellet, the electric power to the heater was turned on 
to heat the body of the cylinder to 70 °C. A temperature 
controller maintained the preset temperature. The cavity with 
6.4 mm diameter in the cylinder was filled with approximately 
500—800 mg of ground biomass using a spatula. The biomass 
rested on a cylindrical plug about 10 mm long and 6.2 mm 
diameter (the same diameter of the pressing piston) fitted in 
the cavity. The plug rested on a removable platform. 

The bulk biomass in the cylinder was compressed by forc¬ 
ing down the piston rod at 6.67 mm min -1 to the maximum 
preset force of4000 N (i.e., compaction pressure: 130 MPa). The 
piston was held at this pressure for 30 s for stress relaxation. 
The removable block was removed from the underneath of the 
plug. The cross head was activated to move downward at a 
speed of 13.34 mm min -1 . The piston pushed the formed pellet 
and the spacer out of the bottom of the cylinder. 

The force—displacement data were logged during the 
entire cycle of compression and expulsion. The elastic 
modulus of the compacted samples was determined from the 


initial slope of each curve before the strain of 0.01% from the 
stress-strain graph [19]. The energy consumption of pellet 
compression and extrusion were calculated by the integration 
of the area under the force-displacement curve. The pellet 
was cooled to room temperature and stored inside a sealed 
glass bottle for further measurements. At least 15 pellets were 
made from each steam treated and untreated wood sample. 


2.5. Stress relaxation and hardness test 

The relaxation data for each sample were analyzed by the 
method described in Refs. [14,20]. The force vs. time curve 
during relaxation was normalized and linearized and repre¬ 
sented as a straight line, 


not 

(To - <r(t) 


fei + k 2 t 


(1) 


where a 0 is the initial stress (MPa), <r(t) the stress after time t at 
relaxation (MPa), t is time (s) and fei, fe 2 are constants. 

The visco-elastic slope, fe 2 , can be used to quantify the degree 
of plastic flow under compaction [21], Materials with a high 
visco-elastic slope value, fe 2 , exhibit a greater degree of plastic 
flow under compression. This parameter was found to correlate 
well with forming strong tablets at low compaction tempera¬ 
tures [21]. The slope fe 2 of the straight line must be greater than 
one, and from a rheological point of view, the slope can be 
considered as an index of how solid the compacted specimen is 
on a short time scale. Any large value of greater than one is an 
indication of the existence of stresses that remain unrelaxed 
[16]. The residual stress can also be defined as the percentage 
(%) of the stress at relaxation time (t) over the initial stress. 

The asymptotic modulus (E A ) is an empirical index of so¬ 
lidity that is the ability of the compressed powder to sustain 
unrelaxed stresses [16]. Equation (2) can be derived from the 
equation (1) as shown in the Appendix. E A is defined as 



where E A is the asymptotic modulus (MPa) and e is the strain 
(dimensionless or m m -1 ). 

Equation (1) is fitted to the stress relaxation data to esti¬ 
mate fei and fe 2 . The estimated fe 2 value is then used in Equa¬ 
tion (2) to calculate E A . 

In this research, a single pellet was placed between two 
anvils of the MTI system to measure the breakage. Details and 
the picture of the setup were described in the previous work 
[2]. The compression was diametrical. The hardness modulus 
of the pellet was determined from the initial slope of each 
curve before the strain of 0.01% from the stress—strain graph 
and expressed in GPa. The maximum load to break a pellet 
was recorded. The Meyer hardness (H M ) is defined as the 
applied force divided by the projected indentation area [2], 


(3) 


where H M is the Meyer hardness (N mm -2 ), h is the indenta¬ 
tion depth (mm), D is the initial diameter of a pellet cross 
section (mm 2 ), and F is the maximum force when the pellet is 
crushed (N). 
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2.6. Physical characterization 

The mass, length and diameter of each pellet were measured 
immediately after its removal from the cylinder to calculate 
initial pellet density. These measurements were repeated 
after storing the pellets inside a sealed glass bottle for one 
week. A specific density was determined by measuring the 
total pore volume in a pellet by compressing nitrogen at 
0.1 MPa into void spaces of the pellets using a Quantachrome 
Multipycnometer (Quantachrome, Boyton Beach, FL, USA). 
The weight of the pellet was measured using an electronic 
balance to 10 mg precision. 

Moisture contents of the samples before and after pelleti¬ 
zation were analyzed according to ASABE standard S358.2 [17]. 
Roughly 1 g of either ground sawdust or a whole pellet was 
used for moisture content measurement. Triplicate samples 
were oven dried at 103 °C for 24 h. The ash content was 
determined in triplicate as the mass fraction of residue 
remaining after dry oxidation at 550—600 °C [22], Ash content 
analysis was made in three replicates. The high heating value 
of the pellets was determined by the oxygen bomb calorimeter 
(Parr 6100) from two replicates. Elemental analysis was per¬ 
formed on measuring the percentage of Carbon (C), Hydrogen 
(H) and Oxygen (O) of the untreated and steam treated sam¬ 
ples by an elemental analyzer (Carlo Erba, EA 1108, Italy). 

2.7. Chemical characterization 

Prior to composition characterization, the steam exploded 
particles were further ground in a Wiley Mill with 40 mesh 
screen to prepare suitable particle size for Klason lignin 
determination. The ground particles were bone dried at 105 °C 
until no weight reduction was observed. Extractive contents 
were analyzed using TAPPI modified acetone extraction 
method (TAPPI-T-280 pm-99,1999) [23]. 

The water soluble (WS) fraction of hydrolyzed hemi- 
celluloses was recovered by mixing a batch of 2 g steam- 
treated dried particles with 30 cm 3 distilled water. The 
resulting slurry was agitated overnight to recover the water 
soluble fraction. An aliquot of the water soluble fraction was 
also collected to analyze the sugar yield during washing. The 
water insoluble (WI) fractions were then washed with 
approximately 50 cm 3 water centrifuged at a relative centrif¬ 
ugal force (RCF) of 4000 x g for 10 min for four times to 
minimize WS fraction in the insoluble fraction. Acid post¬ 
pretreatment hydrolysis on the extracted sugars in the 
resulted 200 cm 3 water from the water insoluble fractions was 
carried out in a final sulfuric acid concentration of 30 kg m 3 at 
121 °C for 60 min. This ensures all oligomers were converted 
into monomers for HPLC quantification. Furfural and HMF (5- 
hydroxylmethylfurfural) in water soluble fraction were 
measured on Dionex (Sunnyvale, CA) HPLC (ICS-3000) equip¬ 
ped with an AS 50 auto sampler, ED50 electrochemical de¬ 
tector, GP 50 gradient pump and anion exchange column 
(Biorad Aminex HPX-87H). For simplifying the interpretation 
of the results, we followed the previous research [24], Recov¬ 
ered hemicelluloses sugars were restricted to mannose, 
galactose, xylose, and arabinose. Recovered glucose repre¬ 
sented the sugar monomer recovered from both hemi¬ 
celluloses and cellulose. 


The washed water insoluble fractions were analyzed for 
acid insoluble lignin and carbohydrates using TAPPI-T-222 
om-88 (TAPPI, 1994) method [25]. The hydrolyzate from this 
analysis was retained and analyzed for soluble lignin by 
reading the absorbance at 205 nm [26]. Sugars, furfural and 
HMF from solid phase materials and water soluble fractions 
were measured on Dionex HPLC. All HPLC analysis was done 
in duplicate. 

2.8. Morphology analysis 

SEM observations of the samples’ ultrastructure were carried 
out on oven-dry powder samples, which were mounted on 
specimen stubs and coated with gold under vacuum. All 
photographs were taken at 10—20 kV accelerating voltage by 
using a scanning electron microscope Hitachi N-3000 (Hitachi, 
City, Japan) with an energy dispersive X-ray spectrometer 
(EDAX EDS). 


3. Results and discussion 

3.1. Fuel properties 

Fig. 2 shows the untreated and steam treated pellets from this 
study [2]. The moisture content of the pellets was between 5.3 
and 6.0% (wet basis) and the high heating value of pellets was 
between 18.82 MJ kg -1 and 20.09 MJ kg -1 (Table 1). The steam 
treated pellets showed a higher mechanical strength and 
moisture sorption resistance than untreated pellets [2,27,28]. 
The color of the pellets turned from white to dark brown color 
with the steam treatment severity. These color change was 
due to Maillard reactions of mono-saccharides and extractives 
degradation after steam treatment [27]. The color coordinates 
measured on the treated and untreated pellets using a Hunt- 
erscan scale (L*, a*, b*) were highly correlated with the 
elemental and chemical compositions (lignin and extractive) 
of the pellet. 

3.2. Compaction 

Fig. 3 shows the force displacement graph of the untreated 
and steam-treated bulk Douglas fir particles under compres¬ 
sion. For the untreated sample, the axial force acted on the 
particles increased slightly from 0 N to less than 500 N when 



Fig. 2 - Pellets made from untreated and steam-treated 
Douglas fir. From left to right shows pellets made from 
compacting bulk particles (a) untreated, (b) 200 °C — 5 min, 
(c) 200 °C - 10 min, (d) 220 °C - 5 min (e) 220 °C - 10 min. 






120 


56 (2013) 



Displacement (mm) 

Fig. 3 - Compaction of untreated and steam-treated 
Douglas fir particles at four steam treatment severities. 
Region I represent initial volume reduction during which 
particles undergo rearrangement followed by initial 
packing. Region II that corresponds to a sharp increase in 
force is due to increased activity of lignin in steam treated 
pellets. Region III is the final stage of compaction where 
cellulose fraction is compacted. 


piston traveled from 0 to 40 mm. It is expected that as the 
volume decreases rearrangement of the particles takes place 
during this phase of compaction. The force increased more 
rapidly as the piston continued downward. The particles 
pressed against each other to form a slug of pellet. Densifi- 
cation took place when the displacement was between 37 and 
55 mm (i.e. roughly equal to the length of the resulted un¬ 
treated pellet of 18.34 mm from Table 2). It is postulated that 
within this pressure region, the particles underwent a plastic 
deformation forming a cohesive bonding between particles. 
There must have also been a degree of mechanical inter¬ 
locking of fibers. It is also thought that particles experienced a 
plastic (non-elastic) deformation during the final stages of 
compaction. 

For steam-treated particles, depending on the steam 
treatment severity, their force-deformation diagram deviated 
from that for the untreated particles (Fig. 3). The compression 
behavior of steam-treated samples could be divided into three 
regions. The first region (Region I) appears to corresponding to 


the particle packing region where the rearrangement of large 
and small particles takes place. The second region (Region II) 
represents a rather sharp increase in force vs. displacement. 
This region could represent the initial compressing phase of 
particles where the new structure of condensed lignin or 
pseudolignin undergoes plasticization [6]. The untreated 
sample did not exhibit the region II. As treatment severity 
increased, Region II became more pronounced. The third re¬ 
gion (Region III) represents the second compression phase 
where the non-modified chemical components, e.g. cellulose 
underwent deformation and interlocking. The existence of 
three compression regions became more distinct for the 
samples treated with increasing treatment severity. 

The initial slope of the axial compression force and 
displacement increases with steam treatment severity. The 
initial slope in region I represents the elastic modulus of the 
bulk powder between 1082 and 2486 MPa (Table 3). Among the 
three major components (lignin, cellulose, hemicelluloses), 
cellulose has a crystalline structure with the highest modulus 
of elasticity. Hemicelluloses are the visco-elastic components 
of wood fiber which introduce viscous effect among the 
amorphous lignin and the crystalline structure of cellulose 
(rigid) in the fiber [29], The hydrolysis of hemicelluloses due to 
steam treatment leads to an increase in brittleness of the 
samples. 

Table 3 lists the increase in calculated elastic modulus 
from 93 MPa for untreated particles to 290 MPa for steam- 
treated Douglas fir at 220 °C — 5 min (Table 1). The pellets 
made with steam treatment at 220 °C had the highest vari¬ 
ability of the elastic modulus. We postulate that polymeric 
components like lignin and sugars degrade at this high 
treatment temperature, and the degree of the reaction is non- 
homogenous due to the heterogeneous structure of the 
biomass. Particles produced from different parts of a wood log 
contain different chemical constituents. The elastic modulus 
is related to the chemical composition of the treated mate¬ 
rials, and therefore the most severe steam treatment would 
cause a relatively large variation in mechanical properties of 
pellets. A less severe treatment at 200 °C would be the opti¬ 
mum temperature to produce the hardest pellets in this study 
with a lesser variation in mechanical properties. 
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1 Table 2 - 

Physical properties of grind particles and dimensions of pellets. 




Trial 


Feedstock 



Pellet 




Moisture 

Geometric 

Mass b 

Length 11 

Diameter 15 

Pellet 



content 3 (%) 

mean 

(g) 

(mm) 

(mm) 

density (kg m~ 3 ) 




diameter 3 (mm) 





Measured immediately after production 






Untreated 

Average 

8.70 

0.42 

0.69 

18.34 

6.61 

1090 


SD 

3.00 

0.03 

0.02 

0.36 

0.03 

40 

200 °C, 5 m 

lin Average 

9.40 

0.45 

0.68 

17.60 

6.61 

1120 


SD 

0.20 

0.01 

0.03 

0.15 

0.02 

50 

200 °C, 101 

nin Average 

10.00 

0.40 

0.79 

20.96 

6.64 

1090 


SD 

0.20 

0.02 

0.01 

0.42 

0.02 

10 

220 °C, 5 m 

tin Average 

11.80 

0.38 

0.79 

21.19 

6.62 

1080 


SD 

0.50 

0.02 

0.01 

0.69 

0.02 

40 

220 °C, 101 

nin Average 

8.60 

0.35 

0.79 

21.63 

6.61 

1070 


SD 

0.10 

0.04 

0.01 

0.66 

0.01 

30 

Measured after one week of production 






Untreated 

Average 

- 

- 

0.68 

18.41 

6.63 

1070 


SD 

- 

- 

0.01 

0.44 

0.02 

20 

200 °C, 5 m 

lin Average 

- 

- 

0.67 

17.54 

6.62 

1110 


SD 

- 

- 

0.10 

0.16 

0.02 

10 

200 °C, 101 

nin Average 

- 

- 

0.79 

20.90 

6.63 

1090 


SD 

- 

- 

0.01 

0.40 

0.02 

10 

220 °C, 5 m 

lin Average 

- 

- 

0.78 

21.31 

6.60 

1080 


SD 

- 

- 

0.02 

0.67 

0.02 

40 

220 °C, 101 

nin Average 

- 

- 

0.78 

21.70 

6.59 

1060 


SD 

- 

- 

0.01 

0.78 

0.01 

30 

a Number of measurements, 

N = 3, for all physical parameters of feedstock. 





b Number of measurements, 

N = 15, for all physical parameters of pellets. 






3.3. Stress relaxation 

Fig. 4 plots the stress relaxation behavior of compressed bulk 
treated and untreated particles. The maximum compressive 
stress was 131 MPa (equivalent to 4000 N on a 6.2 mm diameter 
pellet). The residual stress of the untreated pellet decreased 
from 131 (100%) to 113 MPa (86%) when t was 5 s. The residual 
stress of steam treated pellet treated at 200 °C at relaxation 
time of 5 s was 82.2%. For pellets made from steam-treated 
particles at 220 °C for 5 and 10 min, the residual stress at 
relaxation time of 5 s were 78.6% and 77.8%, respectively. The 
final residual stress of untreated and steam-treated samples 
at the relaxation time of 30 s was 75.6, 71.2, 70.8, 67.8,67.3% of 


the initial stress. The steam treatment time has a relatively 
lesser effect on the stress relaxation behavior of the pellets 
than the temperature. The lower the final residual stress of 
the sample is, the less expansion of the final pellet is. This 
observation agrees well with the pellet dimensions measured 
immediately after removal of the pellet from the die and after 
one week, respectively (Table 2). The physical dimensional 
changes of pellet mainly occur in the length direction. Only 
the pellets made from untreated biomass expanded from 
18.34 to 18.41 mm in length and from 6.61 to 6.63 mm in radial 
direction. The pellets made from steam-treated samples did 
not change much in both the length and the radial direction, 
exhibiting a consistent dimensional stability. The increase in 


Table 3 — Mechanical parameters from compression and hardness 

tests of untreated and steam treated D 

Fir- 

Treatment 


Compression test 



Hardness test 


Elastic 

modulus 3 (MPa) 


Asymptotic 
modulus 3 (MPa) 

Hardness 
modulus 15 (GPa) 

Meyer 

hardness 15 

(Nmm- 2 ) 

Maximum 
breaking 
force 15 (N) 


Average 

SD 

R 2 

Average SD 

Average 

SD 

Average SD 

Average SD 

Untreated 

741.16 

92.77 

0.93 

1331.34 29.69 

11.41 

9.60 

1.6 0.2 

18.0 4.0 

200 °C - 5 min 

1082.91 

107.88 

0.97 

1250.63 15.81 

17.16 

6.71 

2.1 0.3 

25.7 2.1 

200 °C - 10 min 

1657.31 

176.34 

0.98 

1244.44 17.97 

16.96 

6.02 

2.3 0.9 

34.5 11.9 

220 °C - 5 min 

2249.82 

289.64 

0.98 

1193.02 13.46 

19.56 

4.83 

6.6 2.1 

59.3 11.1 

220 °C - 10 min 

2486.36 

267.47 

0.98 

1173.55 7.27 

15.82 

2.01 

5.6 1.8 

44.2 7.6 


a Number of measurements, N = 15. 
b Number of measurements, N = 5. 
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Time (s) 


Fig. 4 - Stress relaxations of untreated and steam-treated 
Douglas fir particles in bulk after initial compression to 
4000 N at four steam treatment severities. 


length of the pellets after one week is due to stress relaxation. 
Cellulose, hemicellulose and lignin, each as polymer tends to 
relax the residual stresses by expansion as time progresses 
[13-15], It appears steam treatment depolymerizes hemi- 
celluloses to a degree that its visco-elastic effect within the 
cellulose and lignin matrix is minimized. A faster relaxation of 
the steam-treated pellet indicated that a shorter holding time 
is required for the steam-treated material to produce good 
quality pellet. This indicates the capacity of a press mill in 
increasing the production rate of steam-treated material 


without decreasing the pellet quality compared to the tradi¬ 
tional wood pellet production is possible. A recent published 
research [30] found that the pellet production rate of torrefied 
spruce increased with the die temperature but correlated 
negatively with the bulk density. Peng [31] raised the die 
temperature to about 200 °C in order to produce durable pel¬ 
lets from torrefied biomass. Our choice of 70 °C for the die 
temperature experiments seems to be at the lower end of the 
pellet temperature in commercial pelletization operation. In 
future research, we will increase the die temperature to higher 
levels in order to determine the changes in mechanical 
(rheological) properties of manufactured pellets. 

From Table 3, the asymptotic modulus of the untreated 
pellet was 1331 MPa which was the highest among all samples. 
The asymptotic modulus of samples after steam treatment 
decreased with increasing the severity from 1251 to 1174 MPa. 
This showed that the rigidity of the sample decreased with 
increasing the severity of steam treatment. The changes in 
wood rigidity after steam treatment are most likely related to 
modifications in the chain mobility of the cell wall polymers by 
the hydrolysis of hemicellulose and the condensations of lignin 
Refs. [29,32]. From Table 4, the concentration of poly¬ 
saccharides (arabinan, galactan, glucan, xylan and mannan) in 
the solid residue decreased with increasing steam treatment 
severity. The autohydrolysis of softwood takes place in the 
presence of saturated steam at temperatures between 180 and 
240 °C, which cleaves the acetyl groups of acetylated hemi- 
celluloses to generate the acetic acid for facilitating the hy¬ 
drolysis of the polysaccharides from cell wall to generate the 


1 Table 4 - Lignin and sugars of the solid residue and liquid fraction of untreated and steam treated D. Fir. 


Treatment 

Extractives (%)® Acid 

insoluble 
lignin® (g kg 

Acid 

soluble 

3 ) lignin® (g kg 

Arabinan Galactan 

- 1 ) 

Glucan Xylan Mannan 

Total sugars 




Solid residue 1 (g kg 1 of total sugars) 


Untreated 

1.42 26.00 

0.34 

0.92 

2.65 

54.61 4.42 10.02 

98.96 

200 °C - 5 mi 

in 2.22 28.30 

0.31 

0.28 

1.68 

58.86 4.28 9.61 

103.32 

200 °C - 10 n 

rin 3.23 31.70 

0.43 

0.21 

1.09 

58.90 3.26 7.32 

102.91 

220 °C - 5 mi 

in 8.84 32.20 

0.32 

0.12 

1.03 

60.31 3.46 7.11 

104.55 

220 °C -10 min 7.36 35.70 

Water Soluble Fraction 1 (g kg -1 of dry wood) 

0.47 

0.07 

0.30 

57.34 2.14 3.94 

99.96 


Furfural b ' c 

HMF b 

Arabinose 

Galactose 

Glucose Xylose Mannose 

Total sugars 

200 °C - 5 mi 

in 

2.70 

0.18 (6%) 

0.56 (20%) 

0.44 (16%) 0.47 (17%) 1.36 (48%) 

2.83 

200 °C - 10 n 

iin 

3.59 

0.07 (2%) 

0.22 (6%) 

0.82 (23%) 0.47 (13%) 2.02 (56%) 

3.60 

220 °C - 5 mi 

in 

5.79 

0.17 (3%) 

0.51 (9%) 

0.99 (17%) 0.82 (14%) 3.31 (57%) 

5.80 

220 °C - 10 n 


7.12 

0.02 (1%) 

0.07 (3%) 

0.52 (26%) 0.16(8%) 1.26 (62%) 

2.03 

a Number of measurements, n = 2, parentheses shows the percentage of individual mono-sugar recovery in water fraction, 
b Units are in g m -3 . 

c Furfural were below detection limit of HPLC (<2 g m -3 ). 
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Displacement (mm) 


Fig. 5 - Force displacement graph of untreated and steam-treated Douglas fir pellets at different severities during extrusion. 
Area 1 and 2 corresponds to the extrusion energy of untreated pellet and steam-treated Douglas fir pellet at 200 °C — 5 min. 


water soluble mono-saccharides (arabinose, galactose, glucose, 
xylose and mannose) [6,33]. The mono-sugars released by acid 
hydrolysis were glucose (0.44—0.99 g kg -1 ), xylose 
(0.47-0.82 g kg -1 ) and galactose (0.07-0.56 g kg -1 ). Glucose was 
formed from the hydrolysis of galactogluco 
mannan (hemicelluloses) and glucan (cellulose). The overall 
sugar analysis is consistent with the fact that gal- 
actoglucomannan are the main hemicelluloses in softwood, 
whereas xylans are the second most abundant. Evidently the 
total soluble sugars and pseudolignin affected the compaction 
and extrusion behavior during pelletization. Future work will 
focus on investigating which individual sugar or lignin would 
improve the binding characteristics of wood fibers. 

3.4. Pellet extrusion 

Fig. 5 shows the force vs. displacement graph when the piston 
moved to push the pellet out from the die. The area under the 
curve represents the pellet expulsion energy [9], For untreated 
pellet, the force increased from 0 N to roughly 480 N in order to 
initiate the pellet movement. This indicates that at least 480 N 
is required to overcome the static friction between the inner 
wall of the die and the pellet. For steam-treated pellets, the 
maximum frictional force required to be overcome to initiate a 


pellet movement increased with treatment severity by about 
2—3 times of frictional force for the untreated pellet (Table 5). 
Similar trend was also observed for the expulsion energy. We 
observed that the steam-treated pellet was sticky upon exit 
from the die. We speculate the increase in particle surface 
roughness (Fig. 6b) and the increase in mono-saccharides and 
extractives (Table 4) contribute to the increase in required 
energy for extruding the pellet made with increasing steam 
treatment severity. 

3.5. Hardness test 

A good correlation between pellet durability determined by 
European wood pellet standards (EN 15210-1) and compres¬ 
sion strength by using 25 pellets was reported previously [34]. 
Table 3 lists the hardness modulus, Meyer hardness and the 
maximum breaking force of the pellets made from untreated 
and steam-treated Douglas fir at different severity. The 
hardness modulus of untreated pellet is 11.41 GPa. This value 
is close to the reported value of 13.6 GPa for the costal Douglas 
fir with a water mass fraction of 12% [35]. The hardness 
modulus of steam-treated pellets increase from 17.16 to a 
maximum of 19.56 GPa at the treatment condition of 220 °C — 
5 min, and decreased to 15.82 GPa for the steam-treated 


Table 5 - Energy input for pelletization (compression and extrusion). 


Treatment 


Compaction 



Extrusion 


Maximum 

compaction force a (N) 

Specific compaction 
energy 3 (J cm 3 g -1 ) 

Maximum 
frictional force b (N) 

Specific 

energy 15 (mj g -1 ) 


Average 

SD 

Average 

SD 

Average 

SD 

Average 

SD 

Untreated 

4290 

70 

20.45 

1.67 

476.20 

92.43 

48.86 

3.31 

200 °C - 5 min 

4190 

145 

22.27 

1.39 

832.50 

71.43 

117.67 

29.85 

200 °C - 10 min 

4120 

39 

29.28 

1.71 

977.59 

219.94 

117.25 

13.84 

220 °C - 5 min 

4297 

54 

36.25 

4.78 

1091.60 

207.72 

177.53 

45.40 

220 °C - 10 min 

4079 

27 

38.15 

2.14 

1301.99 

137.74 

250.32 

25.94 


a Numerical integration by trapezoidal rule under the stress strain curve of each sample, (N = 15). 
b Numerical integration by trapezoidal rule under the stress strain curve for each sample, (N = 3). 
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Fig. 6 - SEM pictures of (a) untreated ground particle by hammer mill with 1.6 mm screen opening and (b) steam-treated 
particles at 4.53 severity with x500 magnification. 


pellets treated at 220 °C — 10 min. For 200 °C, there is no sig¬ 
nificant difference between the elastic modulus of treated 
samples with p-value > 0.05. The depolymerization of hemi- 
celluloses results in an increase in crystallinity of cellulose 
from 49.5 to 67.5% measured by X-ray diffraction reported in 
our previous publication [2], and thereby increasing the brit¬ 
tleness of the pellet. However, when the steam treatment 
severity increased to 220 °C — 10 min, partial cellulose was 
degraded as indicated by a decrease in glucan from 60.31 to 
57.34% (Table 4). Both Meyer hardness and maximum 
breaking force followed the same trend as the hardness 
modulus due to the chemical compositional changes brought 
about by hemicelluloses hydrolysis and cellulose degradation. 
These measurements of the Meyer hardness and the hardness 
modulus provided a means of evaluating the strength of pel¬ 
lets to withstand compressive forces during storage and 
transportation. In this research, the maximum breaking force, 
Meyer hardness and the hardness modulus increased with 
treatment temperature and time to 220 °C — 5 min and 
reached a maximum and followed by a decrease for the pellets 
treated at 220 °C-10 min (Table 3). This follows the same trend 
as the recovery of the total mono-sugars in water soluble 
fraction (Table 4). The decrease in sugars was due to the 
degradation by dehydration and formation of furans de¬ 
rivatives (e.g. furfural, 5-hydroxylmethylfufural) [33], They 
can form strong condensation bonding with the low molecu¬ 
lar weight lignin to yield so called pseudolignin [6,36,37]. Our 
previous work has attempted to model the pseudolignin for¬ 
mation during steam explosion [6]. We will take the role of 
pseudolignins into account for the improvement of wood 
pellet strength as future work. 

Apart from pseudolignin, we speculate that the mono¬ 
sugars also play an important role in binding during pelleti¬ 
zation as depictedby the cross section SEM photos of untreated 
and treated pellets (Fig. 6). For untreated pellet (Fig. 6a), there 
are clear boundaries between individual particles and forms 
layers. Poor adhesion is due to a lack of strong binding force 
between inter-particles to minimize expansion by stress 
relaxation. In contrast, the individual particles pack closely to 
each other and the dark region exists between boundaries 
between individual particles of steam-treated pellet (Fig. 6b). 
The dark region corresponds to non-conducting material 
under the scanning electron microscope, which could be 


corresponding to the presence of mono-sugars. Mono-sugars 
forms gelation structure with strong chemical bonding be¬ 
tween individual particles upon cooling right after extrusion 
from the die. Recent research showed that a single pretreat¬ 
ment can facilitate both pelletization and subsequent enzy¬ 
matic hydrolysis without the need for a further pretreatment 
step for ethanol production [38]. This may indicate the steam 
exploded pellets in this study could be an excellent feedstock 
for ethanol production. We will use Raman confocal micro¬ 
scope to investigate the chemical bonding in future work. 

The improvement in mechanical strength and moisture 
adsorption resistance of steam-treated pellets are attractive 
for outdoor storage for end-users. However, these mono¬ 
sugars are questions to be easily leached out by rain or mel¬ 
ted snow during outdoor storage, and thereby deteriorating the 
durability of pellets. Future research can focus on evaluating 
the effect of weather on the durability of steam-treated pellets. 
While the authors believe that this work exemplifies the dif¬ 
ference between treatments - there is a reasonable concern 
that there may be substrate factors that influence the transfer 
of the results obtained, to other sources other than Douglas fir. 


4. Conclusions 

The rheological properties of pelletization of steam-treated 
Douglas fir at four different severities using a single die were 
investigated. Hydrolysis of hemicelluloses and condensations 
of lignin contribute to the increase in elasticity and the 
decrease in rigidity of pellets. The increase in particle surface 
roughness along with increased concentration of mono-sugars 
and extractives contribute to the increase in required energy 
for pushing the treated pellets from the die. The improvement 
in hardness and dimensional stability of steam treated pellets 
can be explained by the binding role of mono-sugars released 
from Douglas fir during hydrothermal treatment. 
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Appendix 

The relaxation data for each sample were analyzed by the 
method described in [14,20], Equation (A.l) is derived from the 
rheological equation of the generalized Maxwell model [39]. 
The force vs. time for the relaxation curve was normalized 
and linearized and represented as a straight line by, 

+ (A.l) 

CT 0 - Oft) 

The asymptotic modulus (E A ) is defined as the resistance of 
the materials to further deform at infinite time, therefore, 

<r(t) = E a£ (A. 2) 

where E A is the asymptotic modulus (MPa) and e is the strain 
(dimensionless or m m 1 ). 

Rearranging equation (A.l), 


(To - O-(t) t 

Substitute equation (A.2) into equation (A.l), we have 


As the pellet undergoes stress relaxation for a long time, we 
can say if time is close to infinity, we have 


(To 

(To - E A e 


fe 2 


k 2 U0 - (To = k 2 E A e 
Rearranging, 



Therefore, 




where E A is the asymptotic modulus (MPa) and e is the strain 
(dimensionless or m m -1 ). 


R E F E 


ENCES 


[1] Stelte W, Clemons C, Holm JK, Sanadi AR, Shang L, 
Ahrenfeldt J, et al. Fuel pellets from torrefied spruce. Biomass 
Bioenergy 2011;35(ll):4690-8. 

[2] Lam PS, Sokhansanj S, Bi X, Lim CJ. Energy input and quality 
of pellets made from steam exploded Douglas fir (Pseudotsuga 
menziesii). Energy Fuels 2011;25(4):1521-8. 

[3] Biswas ABC, Yang W, Blasiak W. Steam pretreatment of Salix 
to upgrade biomass fuel for wood pellet production. Fuel 
Process Technol 2011;92(9):1711-7. 

[4] Reza MT. Hydrothermal carbonization of lignocellulosic 
biomass [Master thesis], Reno: University of Nevada; 2011. 

[5] Li H, Liu X, Legros R, Bi XT, Lim CJ, Sokhansanj S. 
Pelletization of torrefied sawdust and properties of torrefied 
pellets. Appl Energy 2012;93:680-5. 

[6] Lam PS. Steam explosion of biomass to produce wood pellets 
[PhD thesis]. Vancouver: University of British Columbia; 2011. 

[7] Holm JK, Henriksen UB, Hustad JE, Sorensen LH. Toward an 
understanding of controlling parameters in softwood and 
hardwood pellets production. Energy Fuels 2006;20:2686-94. 

[8] Holm JK, Henriksen UB, Wand K, Hustad JE, Posselt D. 
Experimental verification of novel pellet model using a single 
pellet unit. Energy Fuels 2007;21:2446-9. 

[9] Nielsen NPK, Gardner DJ, Poulsen T, Felby C. Importance of 
temperature, moisture content, and species for the 
conversion process of wood residues into fuel pellets. Wood 
Fiber Sci 2009;41:414-25. 

[10] Samuelsson R, Thyrel M, Sjostrom M, Lestander TA. Effect of 
biomaterial characteristics on pelletizing properties and 
biofuel pellet quality. Fuel Process Technol 2009;90:1129-34. 

[11] Stelte W, Holm JK, Sanadi AR, Barsberg S, Ahrenfeldt J, 
Henriksen UB. Fuel pellets from biomass: the importance of 
the pelletizing pressure and its dependency on the 
processing conditions. Fuel 2011;90(ll):3285-90. 

[12] Holm JK, Stelte W, Posselt D, Ahrenfeldt J, Henriksen UB. 
Optimization of a multi-parameter model for biomass 
pelletization to investigate temperature dependence and to 
facilitate fast testing of pelletization behavior. Energy Fuels 
2011;25(8):3706—11. 

[13] Kaliyan N, Morey RV. Constitutive model for densification of 
com stover and switchgrass. Biosyst Eng 2009;104:47-63. 

[14] Mani S, Tabil L, Sokhansanj S. Effects of compressive force, 
particle size and moisture content on mechanical properties 
of biomass pellets from grasses. Biomass Bioenerg 
2006;30:648-54. 

[15] Shaw MD, Karunakaran C, Tabil LG. Physicochemical 
characteristics of densified untreated and steam exploded 
poplar wood and wheat straw grinds. Biosyst Eng 
2009;103:198-207. 

[16] Moreyra R, Peleg M. Compressive deformation patterns of 
selected food powders. J Food Sci 1980;45:864-8. 

[17] ASABE Standards. Moisture measurement — forages ASABE 
S358.2. In: ASABE standards 2010. St. Joseph, MI, USA: 
American Society of Agricultural and Biological Engineers; 
2010. 

[18] ASABE Standards. Method for determining and expressing 
fineness of feed materials by sieving. ASABE S319.4. In: 
ASABE standards 2008. St. Joseph, MI, USA: American Society 
of agricultural and Biological Engineers; 2008. p. 1-4. 

[19] Mohsenin N, Zaske J. Stress relaxation and energy 
requirements in compaction of unconsolidated materials. 

J Agric Eng Res 1976;21:193-205. 





126 


56 (2013) 


[20] Peleg M. Linearization of relaxation and creep curves of solid 
biological materials. J Rheol 1980;24(4):451—63. 

[21] Krycer I, Pope DG, Hersey JA. The interpretation of powder 
compaction data - a critical review. Drug Dev Ind Pharm 
1982;8(3):307—42. 

[22] Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, 
et al. Determination of structural carbohydrates and lignin in 
biomass. Golden, Colorado: National Renewable Energy 
Laboratory; 2010, Jul. p. 17. Report No.: TP-510-42618. 

[23] TAPPI Standard Test Methods. Acetone extractives of wood 
and pulp. Atlanta: TAPPI; 1999. T280. 

[24] Boussaid A, Robinson J, Cai YJ, Gregg DJ, Saddler JN. 
Fermentability of the hemicelluloses-derived sugars from 
steam exploded softwood (Douglas fir). Biotechnol Bioeng 
1999;64(3):284—9. 

[25] TAPPI standard Test Methods. Acid-insoluble lignin in wood 
and pulp. Atlanta: TAPPI; 1994. T222. 

[26] Dence CW. The determination of lignin. In: Lin SY, 

Dence CW, editors. Methods of lignin chemistry. Springer 
series in wood science. Berlin: Springer-Verlag; 1992. 

p. 33-61. 

[27] Lam PS, Sokhansanj S, Bi X, Lim CJ. Colorimetry applied to 
steam treated biomass and pellets made from western 
Douglas fir (Pseudotsuga Menziesill L.). T ASABE 
2012;55(2):673—8. 

[28] Lam PS, Sokhansanj S, Bi X, Lim CJ, Larsson SH. Drying 
characteristics and equilibrium moisture content of steam- 
treated Douglas fir (Pseudotsuga Menziesill L.). Bioresour 
Technol 2012;116:396-402. 

[29] Assor C, Placet V, Chabbert B, Habrant A, Lapierre C, Pollet B, 
et al. Concomitant changes in viscoelasticity properties and 
amorphous polymers during the hydrothermal treatment of 
hardwood and softwood. J Agric Food Chem 
2009;57(15):6830—7. 


[30] Larsson SH, Rudolfsson M, Nordwaeger M, Olofsson I, 
Samuelsson R. Effects of moisture content, torrefaction 
temperature, and die temperature in pilot scale pelletizing of 
torrefied Norway spruce. Appl Energy 2013;102(c):827-32. 

[31] Peng JH. A study of softwood torrefaction and densification 
for the production of high quality wood pellets [PhD thesis]. 
Vancouver: University of British Columbia; 2012. 

[32] Bosombes S, Mazeau K. The cellulose/lignin assembly 
assessed by molecular modeling. Part 2: seeking for evidence 
of organization of lignin molecules at the interface with 
cellulose. Plant Physiol Biochem 2005;43:277-86. 

[33] Ramos LP. The chemistry involved in the steam 
pretreatment of lignocellulosic materials. Quim Nova 
2003;26:863-71. 

[34] Shang L, Nielsen NPK, DahlJ, Stelte W, Ahrenfeldt J, Holm JK, 
et al. Quality effects caused by torrefaction of pellets made 
from Scots Pine. Fuel Process Technol 2012;101:23-8. 

[35] Kretschmann DE. Mechanical properties of wood, chapter 5 
in wood handbook, wood as an engineering material. 
Madison (WI): Forest Products Laboratory; 2010 August. 

p. 508. General Technology Report FPL-GTR-113. 

[36] Miranda GS, Wayman M. Characterization of autohydrolysis 
aspen (P. tremuloides) lignins, part 1, composition and 
molecular weight distribution of extracted autohydrolysis 
lignin. Can J Chem 1979;57:1141-9. 

[37] Sannigrahi P, Kim DH, Jung S, Ragauskas A. Pseudo-lignin 
and pretreatment chemistry. Energy Environ Sci 
2011;4:1306-10. 

[38] Kumar L, Tooyserkani Z, Sokhansanj S, Saddler JN. Does 
densification influence the steam pretreatment and 
enzymatic hydrolysis of softwoods to sugars? Bioresour 
Technol 2012;121:190-8. 

[39] Rubinstein M, Colby RH. Polymer physics. 1st ed. USA: 
Oxford University Press; 2003. 



